In their recent report in this journal, A. Mittal, B. Jayaram and coworkers (1) suggest that protein folding is driven by stoichiometric occurrences of amino acids ("Chargaff's Rules"), and not by preferred interactions (e.g., hydrophobic interactions) between specific amino acids. The proposal is a radical departure from conventional wisdom and is shown to be without merit.
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The analysis of Mittal et al. (1) is based on the counting of C a -C a distances in 3718 structures taken from the Protein Data Bank. Beginning with a single protein one takes an amino acid of interest (e.g., leucine). Around the C a atom of the first leucine in the protein structure one draws a series of concentric spheres of increasing radius, X. The number of C a atoms of any other residues that happen to be located within the sphere is counted separately for the 20 possible types of amino acid and binned as a function of the sphere radius. In this way one determines both how many and what sort of neighbors (or "contacts") there are for this leucine residue within a given distance.
The procedure is then repeated in turn for all other leucine residues in the protein and the results summed. The same analysis is carried out for each of the proteins from the PDB and these results are also included in the summation. The overall totals give the leucine-specific neighborhood distribution for all leucines in all the proteins analyzed.
Starting from the beginning, the same procedure is used to find an alaninespecific neighborhood distribution, and likewise for all 20 types of amino acids. The results can be seen in Figure 2 of Reference 1.
Total C a -C a Contacts: In the first part of their analysis of the neighborhood distribution curves Mittal et al. (1) focus on the total number of contacts made by each of the 20 different types of amino acids. They hypothesize that "in case amino-acids prefer certain neighborhoods due to preferential interactions (e.g., hydrophobic, hydrogen bonding, electrostatics), one would not be able to predict a direct relationship between the total number of contacts of a given amino-acid with its frequency of occurrence in folded proteins".
To test this hypothesis they estimate, for each type of amino acid, the total number of contacts generated by all C a atoms in all proteins and plot this against the percentage occurrence of that amino acid in the overall sample of proteins. The points lie on a straight line, leading the authors to state "To our surprise, the total number of contacts made by an amino acid were correlated excellently with the average occurrence of that amino acid (stoichiometry) in folded proteins as shown by Figure 2E . This strongly supported our hypothesis and directly implied an 'absence' of any preferential interactions between amino acids". Unfortunately, as shown by the simple example below, this plot has no predictive value because the calculation always gives a straight line, whether the C a atoms correspond to a real protein or to some other arbitrary arrangement.
Consider, for example, a protein consisting of one methionine (Met), two serines (Ser) and seven alanines (Ala) arranged as in Figure 1 . It can be assumed that the structure is fully extended although this will not enter into the analysis.
Met-Ser-Ser-Ala-Ala-Ala-Ala-Ala-Ala-Ala We now wish to plot the equivalent of Figure 2E of Reference 1 for this hypothetical protein. For each type of amino acid we need to count the total number of "contacts" that can be made with all other C a atoms in the chain. For the single methionine there are nine such contacts. Because there are two serines and each can make nine contacts there are 18 contacts. Similarly, the seven alanines make a total of 7 x 9 = 63 contacts. As summarized in Table 1 , these total contact values are directly proportional to the abundance of each amino acid. It will also be apparent from the example that the same straight-line dependence seen in Table 1 would be obtained no matter what sequence or structure or arbitrary arrangement of C a positions was assumed for the protein. For the same reason, the straight-line dependence seen in Figure 2E of Reference 1 cannot be taken as support for the suggestion that preferential interactions between amino acids in proteins are unimportant. Because Figure 2E will be a straight line regardless of the assumed structure or amino acid composition, it does not support the idea that the percentage occurrence of the 20 amino acids needs to be within specified limits in order for a protein to fold (Table 1 of Reference 1).
Y is the number of contacts within a sphere of radius X, and Y max is the number of contacts for the whole sample (i.e., when the sphere radius becomes large enough to encompass the whole protein). The distributions are sigmoidal in nature and k and n are arbitrary variables which are determined by fitting the equation to the experimental data. In practice, Mittal et al. found for each of the 20 amino acids that k has a value of about 0.07 and n a value around 4.5.
To look for possible short-range differences between one type of amino acid and another, Mittal et al. focus especially on the value of n because the "lift-off" points of the sigmoid distributions are strongly dependent on n. In their words "if there were any preferential neighborhoods (of amino acids) they would be reflected particularly in n".
Returning to Equation 1, if (-kX) is small then
which leads to
Since k equals about 0.07, Equation 3 should be reasonably accurate up to radii X of about 5 Å.
Equation 3 predicts that the number of C a contacts increases in proportion to the n th power of the sphere radius X. For a hypothetical one-dimensional protein as in Figure 1 , it would be expected that the number of C a contacts would be approximately proportional to the sphere radius X, i.e., n would equal about 1. For a hypothetical two-dimensional protein, with C a positions in a plane, the number of C a contacts would increase in proportion to the sphere radius squared, i.e., n would be approximately 2. For three-dimensional proteins it would expected that n ~ 3, i.e., the volume of a sphere of radius X is proportional to X 3 . How can it be that the actual value determined by Mittal et al. (1) is n ~ 4.5? As shown below, it arises from limitations on C a -C a distances in proteins. For consecutive amino acids in a polypeptide chain the C a -C a distance is 3.8 Å (ignoring cis peptide bonds which are extremely rare). For nonconsecutive amino acids the closest C a -C a approach is limited to about 3.2 Å by van der Waals contact. The consequences of these restrictions on the C a -C a distance can be seen in Figures 3(A-D) of Reference 1. For "neighborhood distances" of 1 Å, 2 Å and 3 Å there are no C a -C a contacts whatsoever and even at 4 Å the number of contacts remains very small. This type of distribution, with zero or small values from X = 0 to 4 Å, and rapidly increasing thereafter, is exactly what one would expect for a distribution of the form X n with n ~ 4.5. Figure 1 .
Type of amino acid
Total number of C a -C a "contacts" possible for the whole protein Short-range C a -C a Contacts: In the second part of their analysis Mittal et al. (1) focus on shorter-range C a -C a contacts. Their analysis is based on the following relationship (Equation 1) which they use to describe how the number of contacts depends on distance.
Mittal et al. find that the value of n is essentially constant, regardless of the amino acid, and infer that this demonstrates the absence of preferred interactions between amino acids. In contrast, the analysis given above shows that the value of n arises from the inherent stereochemistry of protein backbones. Because n is determined primarily by backbone geometry it is expected to be largely independent of the identity of the side-chain, consistent with observation.
In summary, the conclusions reached by Mittal et al. based on their analysis of both longer and shorter C a -C a distances in known protein structures are not justified.
Some years ago, Rose et al. (2) also carried out an analysis of known protein structures, but based on the accessibility to solvent of individual amino acids in each protein. Their analysis showed that hydrophobic amino acids like leucine, isoleucine, methionine, etc., are often fully buried within the core of the protein, whereas this happens infrequently for the polar amino acids. This analysis strongly indicated that the non-polar residues do tend to cluster together within the cores of proteins and this provides hydrophobic driving energy for the folding process.
In this context it might be worth noting that the purpose of the analysis of Mittal et al. (1) was to look for preferential interactions between specific pairs of amino acids in proteins. Such interactions will be between side-chains, but the analysis was based on C a -C a distances, which may be more diagnostic of the backbone. As a suggestion, it might be instructive to repeat the analysis of Mittal et al. using C b -C b rather than C a -C a distances since the former may be more representative of sidechain-sidechain interaction. Also, rather than attempting an interpretation based on Equation 1, a simpler calculation would suffice. If, for example, a C b -C b analysis was made of amino acids in the neighborhood of leucine, the key question would be whether the hydrophobic amino acids in the immediate vicinity of the hydrophobic leucine occur more frequently than the polar ones. Such a calculation would have to be appropriately normalized to take into account the abundance of all of the amino acids involved.
